We investigate the performance of data-aided coherent optical systems under different training sequence lengths and propose an adaptive length frame synchronization method that can adapt with required tracking speed and training sequence lengths. The technique is verified through simulations and experiments with good and stable performance after 1000 km transmission.
Introduction
For next-generation optical networks, coherent receiver has been selected as the receiver of choice due to its ability to detect both phase and amplitude of incoming signal and allowing high level modulation formats like quadrature phase shift keying (QPSK) and 16 quadrature amplitude modulation (16-QAM) [1] - [4] which greatly enhance system efficiency. Coherent receiver also enables linear impairments such as chromatic dispersion (CD) and polarization mode dispersion (PMD) to be monitored and compensated directly from the received signal using the receiver's digital signal processing (DSP) [4] , [5] . Channel estimation is part of this receiver's DSP process and is traditionally performed using blind approach based on gradient algorithms which exhibits slow convergence speed and some stability issues [6] . Recently data-aided channel estimation (DA-CE) approach utilizing part of system bandwidth for training sequences (TS) had also been proposed [6] - [10] . While data-aided systems require a trade-off in term of bandwidth efficiency, they have higher accuracy and robustness in estimation, better tolerance to phase noise as well as compatibility with multiple modulation formats such as QPSK, 16-QAM and also orthogonal frequency division multiplexing (OFDM). Due to the wide selection of training sequences and methods suitable for DA-CE, many systems employing different sequences have been proposed. Both constant amplitude zero autocorrelation (CAZAC) sequences and Golay sequences have been proposed [9] . These two types of sequences have both been demonstrated to offer optimum estimation and equalization performance with the difference in that Golay sequences offer lengthindependent constellation and are suitable for designing long TS blocks while CAZAC sequences are primarily used for short TS blocks. Short TS approach typically results in less resolution in channel estimation if the TS constellations are to be kept simple. Since data-aided channel estimation is also influenced by channel noise, there are typically two methods for enhancing channel estimation: (1) by repeating the TS block multiple times and taking the average estimation [11] , or (2) by applying a receiver noise filtering (NF) digital signal processing (DSP), which removes the need for repeating the TS block [8] , [12] , [13] . While these two techniques both provide enhanced channel estimation, a comparison between these two techniques, especially in the case of utilizing the same time slot, has not been made. Furthermore, as coherent optical systems have many time-variant impairments, a hybrid approach to data-aided system design, where a trade-off between tracking speed and performance can be made by varying TS length at the transmitter, is very desirable in practice. However, a primary limitation of variable TS length approach is due to the DSP at the receiver which assumes that the entire TS are known for both synchronization and channel estimation and a change in TS length will cause failure in frame synchronization.
In this paper, we investigate the performance difference between using multiple short TS blocks and a single TS block with noise filtering DSP for channel acquisition and propose an improved design on frame synchronization based on Golay sequences for data-aided single carrier coherent optical systems. The proposed technique can perform both frame synchronization and TS length detection in order to achieve flexible tracking speed and/or flexible overhead ratio. The system is demonstrated through simulations for 100-Gbp/s QPSK and 200-Gb/s 16-QAM and in experiments for 40-Gb/s QPSK and 80-Gb/s 16-QAM with up to 1000-km transmission and achieves good and stable performance. The rest of this paper is organized as follows: in Section 2 we investigate the performance difference between different TS lengths and noise removal DSP methods. Section 3 describes the proposed frame synchronization method to detect both the TS location and its length. Section 4 discusses the experimental setup and results. Finally the paper is concluded in Section 5.
TS Length in Data-Aided Coherent Optical System

Data-Aided Receiver DSP
Data-aided coherent optical system operates by sending training sequences together with the data frame for channel estimation through a least square criterion [9] . Under a single TS block structure, system performance is expected to be proportional to the length of the TS block [14] as a longer block will give higher channel estimation accuracy. For coherent polarization multiplexed (PolMux) single carrier optical system, the training block is typically designed in frequency domain as
where S 1 ½k and S 2 ½k are the discrete Fourier transforms of two orthogonal sequences [6] . At the end receiver, channel estimation is performed by finding the training block and estimating the channel transfer function through least square criteria by multiplying the received training block with the inverse of the original training matrix
As channel estimation is affected by noise, it is necessary to reduce this impairment by using multiple blocks of TSs. However, while using multiple TS blocks can average out the added noise in channel estimation, this further adds to the total overhead ratio. Noise filtering DSP is also proposed in [11] , [12] , which operates by applying a noise filter on the received TS block and provides enhanced channel estimation without increasing the overall overhead ratio. Fig. 1 shows the block diagram of noise filtering (NF) DSP where the channel transfer matrix is first estimated from the received training sequences. Since residual linear components including CD and clock phase will affect noise filtering performance, these are estimated using the method proposed in [7] and subtracted from the channel transfer matrix. After CD and clock phase subtraction, a digital noise filter is applied to the channel transfer matrix [13] and residual linear components are then added back to form the filtered transfer matrix for equalization. The moving average filter is employed for noise filtering DSP structure. Data-aided coherent optical system typically updates the channel information using the training block periodically inserted into the data frame and thus the tracking speed of data-aided coherent optical system can be defined as
where T is the system tracking speed, B is the system Baud rate, is the system coding ratio and N is the total number of training symbols. In theory, a training block with a longer core length N can provide better estimation accuracy however it is trivial from Eq. (3) that any increase in performance associated with increasing N comes with a trade-off in system tracking speed assuming a constant overhead ratio, or a trade-off in term of total overhead ratio assuming a constant tracking speed. As there are two methods to increase N: by using multiple short TS blocks or a single long TS block with noise removal DSP, we investigate this trade-off between performance and TS length in the next section using computer simulation.
Simulation Results
Simulations are carried out using VPI Transmission Maker 8.7 to evaluate the performance of data-aided coherent optical systems using different TS lengths and the setup is shown in Fig. 2 . System Baud rate is set at 25 GBaud which results in 100-Gb/s QPSK and 200-Gb/s 16-QAM effective bit rate, respectively. Each TS block consists of four Golay sequences arranged in spacetime block code with each sequence having the same length N with N ¼ 32, 64, or 128 symbols. Cyclic prefixes of 4-symbol long are inserted between sequences to resist residual CD and an overhead ratio of 1% is set for all systems which results in systems with tracking speed of 919-3125 kHz. Transmission distance is 1000 km using standard single mode fiber (SSMF) and an optical signal to noise ratio (OSNR) emulator is used to emulate a given value of OSNR. The receiver consists of standard balanced coherent receivers and received data are stored and processed offline using MATLAB. Fig. 3 shows the Q value of the received data using TS block with different lengths after 1000-km transmission and CD compensation in frequency domain. Channel estimation is enhanced by noise filtering DSP as described in the previous section using MAF with optimized filter size for each sequence length N. It can be seen that longer sequences in general produce better estimation accuracy and equalization performance and the trade-off between performance and tracking speed/ overhead ratio is clear. Changing the sequence length from N ¼ 32 to N ¼ 64 gives an average increase of around 0.9 dB in Q value across the entire OSNR range while increasing N from N ¼ 64 to N ¼ 128 gives an increase of around 0.6 dB in Q value. Fig. 4 shows a comparison between using multiple short sequences and suppressing the noise in estimation by averaging the results compared to using a longer sequence with noise filtering DSP. It can be seen that for N ¼ 32 the receiver needs around 4 averages ðAVG ¼ 4Þ to match the performance of noise filtering DSP, and using a single sequence of twice the length ðN ¼ 64Þ with noise filtering is a superior method. Overall, for the same time slot, a single long sequence with noise filtering DSP will provide better performance compared to averaging multiple short sequences and doubling the sequence length will increase the system performance at the trade-off of halving the tracking speed if the overhead ratio is to be kept constant.
Flexible Training Sequence Length for Data-Aided Coherent Optical System
Flexible Sequence Length Frame Synchronization
As demonstrated in Section 2, the TS length is related to system equalization performance. Depending on channel condition, the transmitter may need to alter the TS length to optimize the system performance and tracking penalty and the receiver's DSP must be able to detect this change. We propose a flexible frame synchronization method based on Golay sequences [7] . Assuming a Golay pair of length N is generated by recursive construction. The Ba[ and Bb[ sequences can be written as
where a n is the sequence in its nth iteration and a nÀi is the sequence in ðn À iÞth iteration, respectively. Eq. (4) indicates that Golay a n sequence of length N will contain a unique number of shorter a nÀi sequence of length N=ði þ 1Þ. Thus the length of a single TS block as well as its location can be obtained by first calculating the cross correlation between the sequence a nÀi and the received signal as
where Z ½n is the cross correlation index, a nÀi is the short Golay core and R s is the received signal. The first peak of Z ½n will indicate the starting location of the TS block and the number of equally spaced peaks obtained will indicate the length of the TS block. However, it can also be seen that in both cases of i ¼ 1 and i ¼ 0, auto correlation will only yield a single peak, this can be solved by rearranging the TS block in space and time as
where A½k and B½k are the discrete Fourier transforms of Ba[ and Bb[ Golay sequences, respectively. As the Bb[ sequence also contains a number of the a nÀi core sequence, the extra peak contribution from the Bb[ sequence in the case i ¼ 1 (but not in the case i ¼ 0) will help distinguish between these two cases.
Simulation Results
Fig . 5(a) shows an example in simulation of Eq. (4) after 1000-km transmission with N ¼ 128 and i ¼ 2 with OSNR ¼ 18 dB and it can be seen that 4 peaks are clearly observed thus both the sequence location and its length can be calculated. As frame synchronization based on autocorrelation uses threshold level to determine the location of the peak [15] , we first measure and optimize this threshold level for different sequence length N based on receiver data sample. We then define the peak-to-threshold ratio (PTR) as the non-logarithmic ratio between the amplitude of the detected peak and the threshold amplitude. Fig. 5(b) shows the peak-to-threshold ratio of the correlation index Z[n] with different a nÀi core sequence length N i under different OSNR. It is trivial that the length of the core sequence cannot be too short as this will cause instability due to the peak being indistinguishable from the rest of the data (PTR less than or equal to 1). It can be seen from Fig. 5(b) that at OSNR ¼ 12 dB a core sequence of length N ¼ 32 still provides a good PTR of 1.5, which ensures stability and minimizes synchronization error. A length of 32 symbols is therefore chosen to be the length of the core sequence a nÀi . Fig. 6(a) shows the experimental setup for coherent optical system with data-aided DSP. The transmitter side consists of one 10-GBaud/s arbitrary waveform generator (AWG) and I/Q electrical-to-optical modulator to generate the TS followed by data frame on X-polarization and a delay line to emulate the Y-polarization with delay time of 27.2 ns. Both polarizations are then multiplexed through the polarization beam combiner (PBC) to form polarization-multiplexed (PolMux) optical signal. Due to the structure of this delay line setup, the training sequences are modified to allow emulation of space-time coding TS block as illustrated in Fig. 6(b) . The transmission line consists of a recirculating loop with loop timing determining total transmission length and a transmission length of 1000 km is used for QPSK while a shorter length of 400 km is used for 16-QAM modulation format. At the receiver, an amplified spontaneous emission (ASE) source is added by cascading two optical amplifiers. The signal is then split into two paths using a coupler with a ratio of 9:1. The 10% path is then fed into an optical spectrum analyzer (OSA) for measurement of OSNR while the other path is sent into balanced coherent receivers. The data are then captured using 20-GHz sampling scope for offline DSP. Fig. 7 shows the DSP procedure at the receiver which consists of system CD compensation in frequency domain, frequency offset (FO) compensation, flexible frame synchronization, channel estimation, data equalization and Q factor measurement. length (64-128 symbols) in practice due to OSNR and receiver sensitivity limitation. Overall it is clear that there is a trade off in term of system performance and total TS length, which in turn affects the overhead ratio and tracking speed. Fig. 9 shows the measured PTR when using the proposed frame synchronization method after 1000-km transmission with a core sequence length N i of 32 symbols for all sequence length N with a wide range of OSNR. Each data point is an average of 100 captures with maximum variation plotted as error bar. It can be seen that for the lowest OSNR of 12 dB the system still maintains a good PTR of 1.4 with minimum PTR ¼ 1:3 which is more than sufficient for determining the location of the TS as well as the length of the TS block and OSNR only have a small effect on frame synchronization. Overall, the proposed frame synchronization scheme is robust against OSNR and transmission.
Experimental Results and Discussion
Experimental Setup
Results and Discussion
Conclusion
Data-aided digital signal processing is a very promising technology for future coherent optical communications systems due to their accuracy and robustness compared to traditional blind equalization methods. We demonstrated that extra gain in channel equalization performance can be achieved by increasing the TS length aided with noise removal DSP and is a superior method compared to repeating the TS block multiple times. This increase in performance comes with a trade off in tracking speed (assuming a constant overhead ratio) or overhead ratio (assuming constant tracking speed) and changing the TS length on the fly is desirable in order to optimize these two penalties for system operation depending on channel condition. We propose a frame synchronization method for detecting both the TS block location and its length by using a smaller Golay core sequence as the synchronization head. By correlating this timing head with standard Golay TS block, TS length can be detected and flexible tracking speed and overhead ratio can be achieved. The technique is demonstrated through simulations and experiments with good and stable performance after 1000-km transmission under a wide range of OSNR.
